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an important role in the development and maintenance of
phantom limb pain, but pain itself might modulate sensori-
motor plasticity induced by deaﬀerentation. Clinical and
basic research support this idea, as pain prior to amputation
increases the risk of developing post-amputation pain. The
aim of this study was to examine the inﬂuence of experimen-
tal tonic cutaneous hand pain on the plasticity induced by
temporary ischemic hand deaﬀerentation. Sixteen healthy
subjects participated in two experimental sessions (Pain,
No Pain) in which transcranial magnetic stimulation was
used to assess corticospinal excitability in two forearm
muscles (ﬂexor carpi radialis and ﬂexor digitorum superﬁ-
cialis) before (T0, T10, T20, and T40) and after (T60 and
T75) inﬂation of a cuﬀ around the wrist. The cuﬀ was inﬂated
at T45 in both sessions and in the Pain session capsaicin
cream was applied on the dorsum of the hand at T5. Corti-
cospinal excitability was signiﬁcantly greater during the
Post-inﬂation phase (p= 0.002) and increased similarly in
both muscles (p= 0.861). Importantly, the excitability
increase in the Post-inﬂation phase was greater for the Pain
than the No-Pain condition (p= 0.006). Post-hoc analyses
revealed a signiﬁcant diﬀerence between the two conditions
during the Post-inﬂation phase (p= 0.030) but no diﬀerence
during the Pre-inﬂation phase (p= 0.601). In other words,
the corticospinal facilitation was greater when pain was pre-
sent prior to cuﬀ inﬂation. These results indicate that pain
can modulate the plasticity induced by another event, and
could partially explain the sensorimotor reorganizationhttp://dx.doi.org/10.1016/j.neuroscience.2016.06.008
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INTRODUCTION
In 90% of cases limb amputation is followed by the vivid
sensation that the now-missing body part is still there, a
phenomenon called ‘‘phantom limb”. In addition to the
sensation of a phantom limb, 50–80% of amputees also
report phantom limb pain (PLP) in the missing limb and
this pain often becomes chronic (Jensen et al., 1985;
Kooijman et al., 2000; Flor et al., 2006; Weeks et al.,
2010). Much research in both animals and humans has
documented massive cortical and subcortical reorganiza-
tion of the sensorimotor cortices occurs after amputation
(Sanes et al., 1988; Cohen et al., 1991; Ziemann et al.,
1998b; Chen et al., 2002). While various factors have
been associated with the extent of this reorganization,
phantom limb pain has received the most attention (Flor
et al., 1995; Lotze et al., 2001; Makin et al., 2015a,b;
Raﬃn et al., 2016). For instance, many studies have
shown that in upper limb amputees the shift of the face’s
sensorimotor area into the deaﬀerented hand area corre-
lates with the severity of phantom pain (Flor et al., 1998;
Lotze et al., 2001; Karl et al., 2004; MacIver et al., 2008;
Raﬃn et al., 2016). Even though this ﬁnding has been
replicated numerous times, the correlational nature of
transversal patient studies makes it diﬃcult to establish
a causal relationship between these factors.
Sensorimotor reorganization is believed to play an
important role in the development and maintenance of
PLP. An alternative explanation for this reorganisation,
although not mutually exclusive, is that pain itself
modulates the sensorimotor plasticity induced by limb
deaﬀerentation. In support of this view, several
longitudinal studies have shown that the presence of
pain before an amputation increases the risk of
developing PLP (Jensen et al., 1985; Katz and Melzack,
1990; Nikolajsen et al., 1997; Flor, 2002; but see Wall
et al., 1985 and Kooijman et al., 2000 for contrasting
results). Interestingly, the length of time a patient’s limb
has been painful before the amputation does not appearons.org/licenses/by-nc-nd/4.0/).
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amputation (Nikolajsen et al., 1997; Hanley et al., 2007).
Observations from animals support these observations,
as noxious stimuli applied prior to neurectomy or rhizo-
tomy signiﬁcantly enhance the development of autotomy
(self-mutilation behavior thought to reﬂect pain) after the
deaﬀerentation, even when the noxious stimulation period
is brief (Wiesenfeld and Lindblom, 1980; Katz et al., 1991;
Seltzer et al., 1991). Together, these data suggest that
the presence of pain at the moment of the nerve lesion
might have a modulatory eﬀect on the plasticity that will
be induced by the lesion.
Experimental models of pain and deaﬀerentation
provide an opportunity to better understand the
interactions between pain and sensorimotor plasticity,
something that is impossible to study in a controlled
manner in clinical populations. Temporary ischemic
deaﬀerentation provides a good model for addressing this
question as, similar to what is observed in amputees
(Cohen et al., 1991), muscles proximal to the block have
both increased corticospinal excitability (Brasil-Neto
et al., 1992, 1993; Ridding and Rothwell, 1995; Ziemann
et al., 1998a; McNulty et al., 2002) and enlarged motor
maps (Ridding andRothwell, 1995). Although corticospinal
excitability changes have not been used to show associa-
tions between amputation-induced reorganization and
pain, it remains an interesting marker of plasticity for sev-
eral reasons. At the practical level, it can be measured
rapidly and repeatedly, which permits investigation of the
time-course of the acute eﬀect of temporary deaﬀerenta-
tion. At the theoretical level, the increase in corticospinal
excitability induced by temporary deaﬀerentation has been
shown to be mediated by gamma-aminobutyric acid
(GABA) (Ziemann et al., 1996, 1998b), and GABAergic
inhibition is believed to play an important role in the
dynamic organization of motor maps and alterations in
these maps in response to nerve lesion (Farkas et al.,
2000; Sanes and Donoghue, 2000).
The aim of the present study was therefore to test the
inﬂuence of experimental tonic cutaneous pain on the
plasticity induced by a temporary ischemic
deaﬀerentation. Transcranial magnetic stimulation
(TMS) was used to measure changes in corticospinal
excitability of two forearm muscles before and after
temporary ischemic deaﬀerentation of the hand in the
presence or absence of hand pain prior to
deaﬀerentation. It was hypothesized: (1) that temporary
ischemic deaﬀerentation of the hand would increase
corticospinal excitability in both the presence and
absence of hand pain and (2) that the presence of hand
pain prior to the deaﬀerentation would lead to a greater
increase in corticospinal excitability.EXPERIMENTAL PROCEDURES
Subjects
16 subjects (10 males) with an average age of 30 years
(standard deviation = 5.25) took part in two
experimental sessions (Pain, no Pain) separated by 1–
2 weeks and counterbalanced for session order.
Subjects completed a medical questionnaire and wereexcluded if they presented any history of neurological or
psychiatric disorders, physical problems (including pain,
or neurological and musculoskeletal disorders) or
contraindications for TMS (e.g. metallic or electronic
implants, pregnancy, history of epilepsy). The study was
approved by the local ethics committee (CER-2009-173,
Institut de re´adaptation en de´ﬁcience physique de
Que´bec) and subjects provided written informed consent
in accordance with the Declaration of Helsinki.Experimental design
Subjects sat comfortably in a relaxed position with their
neck and head supported and with both forearms
resting comfortably on a table. In both experimental
sessions (Pain, No Pain) TMS measurements of
corticospinal excitability were taken at four time points
before inﬂation of a pediatric blood pressure cuﬀ around
the wrist (T0, T10, T20, and T40) and twice after cuﬀ
inﬂation (T60 and T75 – corresponding to 15 and 30 min
after cuﬀ inﬂation). Motor-evoked potentials (MEPs)
were recorded from two muscles proximal to the cuﬀ:
ﬂexor carpi radialis (FCR) and ﬂexor digitorum
superﬁcialis (FDS). Electromyographic (EMG) activity
was visually monitored (see below for oﬀ-line
quantitative analysis) throughout the experiment to
ensure that all measures were taken with the muscles
completely relaxed. Using a numerical scale from 0 (no
pain) to 10 (maximum imaginable pain) subjects verbally
rated the level of pain in their hand at 11 time points
(T0, 10, 15, 20, 25, 30, 35, 40, 50, 60, and 75).
In both experimental sessions the cuﬀ was positioned
just proximal to the right wrist and inﬂated to 220 mmHg
from T45 to T80. The same inﬂation time was used for all
subjects as previous studies have shown that changes in
corticospinal excitability begin as soon as 15 min after
cuﬀ inﬂation and plateau prior to total deaﬀerentation
(Brasil-Neto et al., 1993; Vallence et al., 2012). An oximeter
was placed on the right ring ﬁnger to conﬁrm the absence of
a pulse in the hand when the cuﬀ was inﬂated and deaf-
ferentation was monitored using application of a 1.56-mN
SemmesWeinstein monoﬁlament. The majority of the par-
ticipants (13/16 in each condition) did not reach complete
deaﬀerentation at the moment the cuﬀ was deﬂated. In
the Pain session a thin layer (1 mm) of 1% capsaicin
cream was applied on the dorsum of the right hand over a
surface of8 cm2. Based on previous studies with the cap-
saicin pain model (Bouﬀard et al., 2014; Lamothe et al.,
2014) the creamwasapplied atT5 (40 min prior to cuﬀ inﬂa-
tion) so that a suﬃcient level of capsaicin-induced pain
would be attained prior to cuﬀ inﬂation.EMG recording and TMS stimulation
Surface Ag/AgCl electrodes (1 cm2 recording area) were
placed in a bipolar conﬁguration over right FCR and
FDS. EMG signals were ampliﬁed, band-pass ﬁltered
(20–1000 Hz) and digitized at a sampling rate of
2000 Hz (CED 1401 interface; Cambridge Electronic
Design, Cambridge, UK).
Monophasic TMS was applied over the left motor cortex
using a Magstim Bistim2 with a 70-mm ﬁgure-of-eight coil
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Brainsight neuronavigation system (Brainsight, Rogue
Research, Montreal, Canada). Coil orientation was
tangential to the scalp with the handle pointing
backward and laterally at 45 away from the midsagittal
line, resulting in a posterior–anterior induced current
ﬂow, approximately perpendicular to the central sulcus.
A combined FCR/FDS hotspot was identiﬁed as the
site that produced the largest MEPs in the two muscles
at the lowest stimulation intensity and typically
corresponded to the FCR hotspot or a nearby site. This
approach has previously been used in FCR and FDS
(Montagna et al., 2005), and produces reliable MEPs in
hand muscles both within- and between-sessions
(Bastani and Jaberzadeh, 2012). The resting motor
threshold was deﬁned as the lowest stimulation intensity
at which at least 5 out of 10 responses of at least 50 lV
were obtained in FCR (the less excitable muscle). TMS
measurements were taken at six time points throughout
the experiment and at each time point 20 stimuli were
delivered at 130% of resting motor threshold. Stimulation
at this combined hotspot at 130% of motor threshold
resulted in an average MEP amplitude at baseline (aver-
age of T0 and T10) of 0.29 ± 0.18 mV (Pain) and 0.31
± 0.18 mV (No Pain) for the FCR, and of 0.48
± 0.34 mV (Pain) and 0.63 ± 0.52 mV (No Pain) for the
FDS. No signiﬁcant diﬀerences in baseline MEP ampli-
tude were observed between conditions for either muscle
(all p values >0.05, Sidak corrected).Fig. 1. Time course of pain ratings: No Pain (gray triangles) and Pain
(black squares). Symbols with dotted arrows indicate when MEPs
were recorded and the dotted line denotes cuﬀ inﬂation. Error bars
represent the standard error of mean (SEM).Data analysis
A single measure of corticospinal excitability was
obtained for each experimental phase by averaging data
from two measurement times: Baseline (T0, T10), Pre-
inflation (T20, T40), and Post-inflation (T60, T75). Note
that prior to averaging, paired t-tests were performed to
verify that MEP amplitudes at each pair of averaged
measurement times did not diﬀer (all p values >0.05,
Sidak corrected).
Since MEP amplitudes recorded from the two muscles
diﬀered, MEPs were normalized by expressing average
MEP amplitude in the pre- and post-inﬂation phases as
a percentage of the average MEP amplitude in the
baseline phase (after verifying that there were no
signiﬁcant diﬀerences between baseline values across
conditions for each muscle). This procedure allowed us
to perform a single three-way repeated measures
analysis of variance (ANOVA) including the factors
Muscle (FCR, FDS), Condition (Pain, No Pain), and
Time (Pre-inflation, Post-inflation).
To ensure that pain or temporary ischemic
deaﬀerentation did not alter background EMG levels, the
root mean square of the EMG activity in the 500 ms
prior to the TMS pulse was calculated for each trial.
These data were then analyzed using the same three-
way repeated measures ANOVA. The evolution of pain
throughout the experimental phases was analyzed using
a similar statistical model, e.g. a two-way repeated
measures ANOVA including the factors Condition (Pain,
No Pain) and Time (Pre-inflation, Post-inflation).All statistical analyses were performed using SPSS 22
software (SPSS Inc., Chicago, IL, USA) and post hoc
analyses were performed using a Sidak correction for
multiple comparisons. Values in parentheses represent
mean ± the standard deviation.
RESULTS
Pain levels throughout experimental phases
Fig. 1 illustrates the time course of pain ratings in both
conditions. In the no-Pain condition, subjects did not
report any pain before inﬂation of the cuﬀ. At T50, just
after cuﬀ inﬂation, they reported a small amount of pain
(0.6/10) which remained quite stable throughout cuﬀ
inﬂation, with an average rating of: 0.9/10 (T60 and
T75). In the Pain condition, subjects began to report
pain at T15 (i.e. 10 min after capsaicin application).
Their pain ratings were on average 2.3/10 at the
moment at which the pre-inﬂation MEPs were recorded
(T20 and T40), and increased to 4.2/10 at the moment
at which the post-inﬂation MEPs were recorded (T60
and T75). It is important to note that pain persisted after
cuﬀ inﬂation because ischemic nerve block induces a
gradual loss of sensation in the hand and myelinated
ﬁbers are blocked before unmyelinated ﬁbers (Torebjo¨rk
and Hallin, 1973; Mackenzie et al., 1975). The ANOVA
on these pain ratings showed a signiﬁcant diﬀerence
between Conditions (p< 0.001, with higher pain ratings
in the Pain condition) as well as a signiﬁcant eﬀect of Time
(p< 0.001, with higher pain rating at Post-inflation). How-
ever, no signiﬁcant Condition  Time interaction was
observed (p= 0.10), indicating that the eﬀect of the cuﬀ
inﬂation was similar for the two conditions.
MEP amplitude changes in forearm muscles
Fig. 2 illustrates changes in MEP amplitudes in FCR (top
panel) and FDS (bottom panel) in the Pain and No-Pain
conditions during the Pre- and Post-inflation phases of
the experiment. The pattern of changes was similar in
Fig. 2. Change in MEP amplitude relative to baseline and raw MEP traces. The left column shows the percentage increase in MEP amplitude
relative to baseline during the pre- and post-inﬂation phases for FCR (upper panel) and FDS (lower panel). Gray columns represent the no-Pain
condition and black columns the Pain condition. The right column shows the ﬁrst ten overlapped raw MEPs in each time measurement from one
representative subject illustrating MEP amplitude in each muscle during the three experimental phases.
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in the Post-inﬂation phase (Time: p= 0.002). The
increase in MEP amplitude in the post-inﬂation phase
was greater for the Pain than the No-Pain condition
(Time  Condition: p= 0.006). Post-hoc analyses
revealed a signiﬁcant diﬀerence between the two
conditions during the Post-inﬂation phase (p= 0.030)
but no diﬀerence during the Pre-inﬂation phase
(p= 0.601). In other words, the increase in MEP
amplitude induced by cuﬀ inﬂation was greater when
pain was present prior to cuﬀ inﬂation.
Background EMG levels throughout experimental
phases
The ANOVA on background EMG levels revealed no
eﬀect of Condition, Time or a Time x Condition
interaction (all p values >0.41), indicating that the
changes in MEP amplitude reported above cannot be
attributed to changes in background EMG related to
pain or cuﬀ inﬂation.
DISCUSSION
Based on the association between sensorimotor
reorganization in amputees and phantom limb pain (Flor
et al., 1995, 1998; Lotze et al., 2001; Karl et al., 2004;
MacIver et al., 2008; Raﬃn et al., 2016), it has been
argued that sensorimotor reorganization contributes to
the development of chronic pain. This idea is controver-
sial, however, (Gagne et al., 2011; Vaso et al., 2014;
Makin et al., 2015b), as central sensorimotor reorganiza-
tion can itself be driven by long-term exposure to pain(Ngomo et al., 2015; Schabrun, 2015). Thus, in the rela-
tionship between pain and sensorimotor reorganization it
is diﬃcult to disentangle the cause from the consequence.
The present study is the ﬁrst to experimentally address
the question of whether the presence of pain at the time
of deaﬀerentation has an impact on reorganization. Our
results indicate that the presence of tonic hand pain per
se does not aﬀect corticospinal excitability of forearm
muscles (Pre-inflation measures), but it does enhance
the plastic changes induced by subsequent ischemic
deaﬀerentation of the hand.
Because of its vital role in ensuring healthy survival,
pain is a potent stimulus for inducing neural plasticity
and learning, and has been shown to cause both
transient and long-term alterations in the state of
sensorimotor neural networks (Flor, 2003; Seifert and
Maiho¨fner, 2011). Furthermore, since neural plasticity is
state-dependent (Abraham and Bear, 1996; Abraham,
2008; Muller-Dahlhaus and Ziemann, 2015), pain has
the potential to change the responsiveness of various net-
works to other plasticity-inducing events. Evidence for
such phenomena in humans is very limited, however, with
only a few studies demonstrating the impact of pain on
behavioral and corticospinal changes in response to
motor training (Boudreau et al., 2007; Ingham et al.,
2011; Bouﬀard et al., 2014; Lamothe et al., 2014). For
example, capsaicin-induced pain prevented both perfor-
mance improvement and corticospinal excitability
increases normally associated with training on a tongue-
tracking task (Boudreau et al., 2007). Capsaicin-induced
pain applied during training also prevented the retention
of motor memories (interfering with consolidation and/or
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during training (Bouﬀard et al., 2014).
Even though alterations in other types of aﬀerent
information are potentially less salient than pain, it is
interesting to note that they can also change learning
and plasticity processes. During sensorimotor training in
stroke patients, for example, temporary deaﬀerentation
of the paretic forearm with an anesthetic cream induced
cortical plasticity in the contralateral SI and an
improvement in sensitivity and motor performance with
the paretic hand (Sens et al., 2012). Importantly, as with
our pain results, the anesthesia itself did not induce diﬀer-
ences in somatosensory maps or sensorimotor perfor-
mance prior to training. Instead, its presence inﬂuenced
the changes induced by the training. Similarly, in healthy
subjects, temporary ischemic deaﬀerentation of the hand
enhanced the eﬀect of motor practice on a task involving
ballistic contraction of the biceps. Furthermore, this eﬀect
was accompanied by much larger increases in corti-
cospinal excitability than either motor practice or deaf-
ferentation alone (Ziemann et al., 2001). Finally, another
study by the same group showed no change in MEP
amplitudes when low-frequency repetitive TMS (rTMS)
(0.1 Hz) when applied alone, but a large and long-
lasting increase in biceps MEP amplitudes when the
same rTMS protocol was applied during deaﬀerentation
of the hand (Ziemann et al., 1998a). Our results extend
these ﬁndings by showing that pain, like other alterations
in aﬀerent information, can aﬀect state-dependent plastic-
ity processes.
An alternative explanation for our main result could be
that the presence of pain increased attention to the tested
hand and that attention, rather than pain, increased
corticospinal excitability after cuﬀ inﬂation. Although this
idea is supported by the ﬁnding of greater facilitation in
paired associative stimulation paradigms when attention
is explicitly directed toward the tested hand (Stefan
et al., 2004; Conte et al., 2007), several reasons lead us
to believe that our eﬀects were not related to attention.
First, vision of the hand is important for attentional eﬀects,
but in our study vision of both hands was occluded
throughout the experiment. Second, in both the Pain
and No-pain conditions subjects had to repeatedly pay
attention to their tested hand through the experiment as
they had to provide regular pain ratings and to perform
touch detection (with a monoﬁlament) in order to monitor
the progress of the deaﬀerentation. Third, the block itself
is an extremely powerful attention-grabbing manipulation
with cuﬀ inﬂation producing signiﬁcant pressure at the
wrist and subjects experiencing the unusual sensation of
gradual numbing of their hand. Thus, even though pain
would have directed attention to the tested hand, we
observed diﬀerences after cuﬀ inﬂation, when attention
to the hand was likely dominated by sensations related
to the cuﬀ and probably equivalent in the Pain and No-
Pain conditions. It is unlikely, therefore, that our results
can be explained by attention alone, but this remains to
be tested. From a clinical perspective it should be kept
in mind that attention toward the limb following a lesion
(with or without pain) might also modulate lesion-
induced plasticity.Corticospinal excitability changes induced by ischemic
deaﬀerentation are thought to be driven mainly by
inhibitory processes within the motor cortex (Brasil-Neto
et al., 1993). Since MEP amplitudes reﬂect the excitability
of the corticospinal system as a whole it is diﬃcult to iden-
tify the exact site and nature of the eﬀect we observe, and
cortical, subcortical, and spinal mechanisms could all con-
tribute. Indeed, in view of the substantial body of evidence
demonstrating interactions between nociceptive-induced
central sensitization and sensorimotor spinal learning
(Ferguson et al., 2012), a spinal contribution to the inter-
action we observed cannot be ruled out. There is evi-
dence, however, that pain-motor interactions occur
within the primary motor cortex, where unmasking of
latent connections and changes in synaptic strength via
long term potentiation (LTP)/long term depression (LTD)
are believed to play a role in rapid plastic changes similar
to those observed in the present study (Sanes and
Donoghue, 2000). A paired associative stimulation study
combining laser-evoked pain to the hand with TMS over
the M1 hand representation found a long-term (60 min)
increase in TMS-induced MEP amplitudes without
changes in transcranial electric stimulation (TES)-
induced MEPs (Suppa et al., 2013). This eﬀect was abol-
ished by pre-treatment with an N-methyl-D-aspartate
(NMDA) receptor antagonist (memantine), pointing
toward NMDA-dependent cortical plasticity mechanisms.
The fact that both pain and deaﬀerentation aﬀect
intracortical inhibition provides support for the idea that
pain could alter the processes engaged by
deaﬀerentation. For example, the enhancement of
corticospinal excitability induced by temporary
deaﬀerentation has been shown to be GABA-mediated
(Ziemann et al., 1996, 1998b) and pain has also been asso-
ciated with a decrease in GABA-mediated inhibition in pop-
ulations with chronic hand pain, as measured by short-
interval intracortical inhibition (SICI) or the cortical silent
period (Schwenkreis et al., 2003, 2010; Lefaucheur et al.,
2006). Decreased SICI has also been associated with
acute or subacute experimental upper limb pain (Fierro
et al., 2010; Schabrun, 2015), although conﬂicting results
have also been reported (Schwenkreis et al., 2003, 2010;
Eisenberg et al., 2005; Lefaucheur et al., 2006; Schabrun
and Hodges, 2012). In the present study, we observed no
direct eﬀect of hand pain on forearm muscle corticospinal
excitability (Pre-inﬂation period: pain vs no pain). Although
we did not measure SICI, one explanation for our results
could be that decreased SICI in the painful hand produced
small, undetectable changes in the excitability of neighbor-
ing forearm muscle representations. Alternatively, the dis-
inhibition induced by temporary deaﬀerentation might
have been necessary for nociceptive input from the hand
to alter the excitability of forearmmotormuscle representa-
tions. These hypotheses could be investigated using a
paradigm in which the relative timing between nociceptive
stimulation and temporary deaﬀerentation can be manipu-
lated, something that is not possible with the tonic pain
model of capsaicin-induced pain but could be done using
the laser stimulation phasic pain model. In rats, both tonic
thermal nociceptive stimulation and phasic electrical noci-
ceptive stimulation increase autotomy behavior when
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seems likely that similar resultsmight be obtainedwith pha-
sic pain, but this remains speculative. A better understand-
ing of the temporal relationship between pre-amputation
pain and post-amputation plasticity (and pain) will be infor-
mative for the debate surrounding the use of pre-emptive
analgesia (Halbert et al., 2002).CONCLUSION
The results of the present study, combined with previous
results on deaﬀerentation, show that changes in aﬀerent
information can modulate the plasticity induced by
another event. From a rehabilitation perspective, it is
interesting to note that while previous studies examining
the response to sensorimotor training have focused
mainly on the eﬀect of sensory manipulations (i.e.
deaﬀerentation or pain), the present study is the ﬁrst to
demonstrate that a sensory manipulation can also aﬀect
the plastic response of the motor system to a ‘‘lesion”.
Since sensorimotor reorganisation has now been
demonstrated in a large number of clinical conditions,
these results highlight the potential importance of pain
in explaining some of the variability in outcomes
after injury.
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